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EXECUTIVE SUMMARY

Fully modular power system architecture for dc-dc conversion, where low-power, low-voltage (input and

output) building block dc-dc converters can be connected in any combination of series/parallel

configurations at the output and/or at the input sides, has several advantages including increased

reliability, standardization of design and components, higher power density and efficiency. An

important component of such architecture is the autonomous, input series configuration with active input

voltage and load current sharing, towards which this research project has made significant contributions.

The major research tasks taken up in this project are:

1. Development of control methods for input-series and output-series (ISOS) configuration

2. Development of input-voltage share bus scheme for input-series, output parallel (ISOP) connection

that makes the converter modules self-contained and identical leading to fault tolerant capability.

3. Study on magnetic approaches to input-voltage sharing for input-series connected converters

4. Investigations on interleaving techniques to reduce filter requirement.

A three-loop control scheme has been developed for the ISOS configuration, which ensures input

and output voltage sharing under dynamic and steady state conditions. The dynamic input voltage

reference for the input voltage loop achieves minimum interactions among the different converters and

among different control loops. Design procedure based incremental negative resistance model has been

developed. The proposed ISOS scheme has been validated on a three-converter hardware prototype.

Two schemes using input voltage share bus, namely democratic input voltage share scheme and

automatic master-slave scheme, have been developed to realize autonomous ISOP configuration using

self-contained and identical modules. Each of the converter modules has its own dedicated output voltage

loop whose reference is modified based on the error in input voltage sharing. It has been found that for

voltage mode control, mismatch in the output voltage reference among the modules is the critical

parameter. The input voltage correction loop compensates for this mismatch. Design methods to choose

the gain of the input voltage controller have been developed. The analysis and design methods have been

validated on a two-converter hardware prototype.

The possibility of input-voltage sharing in series connected converters through magnetic coupling

has been explored. A possible scheme where a dedicated balance winding in the power transformer of

each converter is connected in a daisy-chain fashion to the following converter through diodes is

proposed. This scheme ensures input voltage sharing provided the leakage inductance and the value of

the input filter capacitance are small. However, for practical values of leakage inductance and input filter

I



capacitor the scheme is not very effective. Control based approaches are found to be superior to the

magnetic approach.

An important advantage of series/parallel connection of modular converters is the reduction of

filter requirement through interleaving of the converter modules. Interleaving refers to suitable phase

shifting of the gate drive signals of the modules such that there is significant cancellation of ripple in the

input/output currents and/or voltages. This project has investigated interleaving techniques for input

series configurations. For the ISOP configuration, interleaving at the output end (parallel connection) is

identical to that of the conventional IPOP converters. At the series connected input side also the optimal

phase shift is 3600/n. At the input side, the current through the input capacitor of each module is similar

to that of a stand-alone converter, and hence, there is no savings in the ratings of the input filter

capacitor. However, the ripple voltages in the filter capacitors (which appear as the ripple voltage across

the input inductor) cancel due to interleaving, leading to significant savings in the input inductor. The

frequency of the ripple in the input current is scaled up by the number of converters, n. The savings in

the filter requirement for various values of 'n' and duty ratio has been derived.

2



TABLE OF CONTENTS

LIST OF FIGURES 4

LIST O F TA B L E S ...................................................................................................... 7

1. IN T R O D U C T IO N .............................................................................................. 8
1.1 Advantages of input-series connections ................................................ 10
1.2 Prior work on input-series and output-parallel (ISOP) systems ........... 11

1.2.1 Need for input voltage controller .............................................. 12
1.2.2 Three loop, dynamic input voltage reference scheme for ISOP ..... 13
1.2.3 Common duty ratio scheme for ISOP configuration .................. 15

1.3 Objectives and scope of the research .................................................... 17

2. NEGATIVE RESISTANCE BASED ANALYSIS ....................................... 19
2.1 Equivalent circuit based on negative resistance model ......................... 19
2.2 Derivation of stabilizing controller gain .............................................. 20
2.3 Validation through simulation of a two converter system .................... 23
2.4 Selection of gain, K ............................................................................... 28

3. INPUT-SERIES AND OUTPUT-SERIES CONFIGURATION ..................... 29
3.1 Feasibility of ISOS scheme and need for input-voltage controller ..... 29
3.2 Three-loop, dynamic input voltage reference scheme for ISOS ........... 32
3.3 A nalysis and design criteria ................................................................. 33
3.4 Sim ulation results ................................................................................. 34
3.5 Experim ental results ............................................................................. 36
3.6 Validation of the ISOS scheme on a three converter system ................ 39

4. MASTER LESS, AUTONOMOUS SCHEMES FOR ISOP SYSTEM ........... 42
4.1 Input voltage share bus schem es ........................................................... 42
4.2 Current mode versus voltage mode control for the ISOP modules ..... 44
4.3 Simulation of the democratic input voltage share bus scheme ............. 45
4.4 Experim ental validation ........................................................................ 49
4.5 Fault tolerant capability with ISOP configuration ................................ 53
4.6 Automatic-master-slave input voltage share bus scheme for ISOP ........... 55

5. MAGNETIC APPROACHES FOR INPUT VOLTAGE SHARING .............. 59

6. INTERLEAVING TECHNIQUES FOR INPUT SERIES CONFIGURATION ..62
6.1 Interleaving and ripple reduction at the parallel connected output ..... 62
6.2 Interleaving and ripple reduction at the series connected input ............ 63

7. C O N C L U SIO N S ............................................................................................... 72

R E F E R E N C E S .................................................................................................................. 7 5

3



LIST OF FIGURES

I Example of a fully modular power system architecture for dc-dc conversion ....................... 8

2 Four possible combinations of input-output connections. (a) input parallel and output series,
(b) input parallel and output parallel, (c) input series and output series and (d) input series
an d o u tp u t series ....................................................................................................................... 9

3 Feasibility of input voltage and output current sharing with mismatch in turns-ratio ...... 12

4 Divergence of input voltages in ISOP system with current mode control and without
inp u t v o lta ge co n tro l ................................................................................................................ 13

5 Three-loop control scheme with dynamic input voltage reference for ISOP connection ........ 14

6 Common duty ratio control scheme for ISOP connection ................................................. 16

7 Equivalent circuit based on negative resistance model for an N-converter ISOP system ........ 20

8 PSpice schematic of a two-converter ISOP system based on negative resistance model ........ 23

9 PSpice schematic of a two-converter ISOP system based on full average model including
differen t control loop s .............................................................................................................. 24

10 Open loop gain of the input voltage loop ............................................................................ 25

11 Closed loop Bode plot for the input voltage loop corresponding to stable and
unstable values for gain , K ................................................................................................. 26

12 Bode plots corresponding to v,,rr(s)/vi,cai(s) for different values of gain, K ........................ 27

13 Response in the individual converter input voltages to a step change of 20V in
to ta l in p u t v o ltag e .................................................................................................................... 2 7

14 Input and output voltage sharing with mismatched transformer turns-ratios ...................... 29

15 Converter input voltages, output voltages and output inductor currents diverge, and
run away in the absence of an input voltage control loop .................................................. 30

16. Proposed control scheme for input-series, output series connection, corresponding to a two
forw ard converter system . .................................................................................................. 32

17. Equivalent circuit for input voltage analysis of ISOS system .............................................. 33

18. Simulated individual input voltages and output inductor currents corresponding to a step
change in total input voltage. (a) with K = 20 Kmin and (b) with K = 2 Kmin ................... 35

19. Simulated individual output voltages and total output voltage corresponding to step change in
total input voltage from 140V to 160V. (a) with K = 20 Kmin and (b) with K = 2 Kmin ...... 36

20. Response to step change in total input voltage from 140V to 160V. (a) Individual
converter input voltages and (b) total and individual output voltages (in ac mode) ........... 37

21 Output inductor currents corresponding to step change in total input voltage .................... 38

22 Response in total and individual output voltages for a step change in load current ........... 38

23 Transient response in individual input voltages for a step change in load current ............. 39

24 Individual output voltages in steady state ............................................................................ 40

25 Transformer secondary voltages for the three converters .................................................... 40

4



26 Individual converter input voltages in response to step change in total input voltage ...... 41

27 Block diagram of the proposed 'input voltage share bus scheme' for ISOP converters .......... 43

28 Individual input voltages and output currents with mismatch in turns-ratio and without
any input voltage controller ................................................................................................ 46

29 Individual input voltages and output currents with mismatch in output voltage controller
gains and without any input voltage controller ................................................................... 47

30 Individual input voltages and output currents with a 2% mismatch in output reference
voltage and without any input voltage controller ............................................................... 47

31 Individual input voltages and output currents with mismatch in turns-ratios and output
voltage controller gains, and with input voltage controller enabled .................................. 48

32 Individual input voltages and output currents with a 2% mismatch in reference voltage
and with input voltage controller enabled. (a) dc gain of 0.00326, (b) dc gain of 0.0326 ....... 49

33 Steady state input voltages and output voltage ................................................................... 50

34 Steady state output inductor currents ................................................................................... 50

35 Transient response in individual input voltages to a step change in total input voltage .......... 51

36 Output inductor currents in response to step change in total input voltage ........................ 51

37 Transient response in output voltage to a step change in load current ................................. 52

38 Response in converter input voltages to step change in total system input voltage ............. 53

39 Response in output voltage and individual output currents to step change in input voltage. ..54

40 Response to failure of a converter in a three-converter system (a) converter input voltages,
(b) duty ratios of converters, (c) output voltage and (d) individual output currents ........... 55

41 Total input voltage, input capacitor voltages, and output voltage at full load for the
autom atic m aster-slave schem e ............................................................................................ 56

42 Individual output inductor currents at full load ................................................................... 57

43 Response in individual input voltages for a step change in the total input voltage ............ 57

44 Converter output currents for a step change in the total input voltage ................................ 58

45 Proposed scheme for input voltage sharing, using magnetic approach, among input-series
connected m odular converters ............................................................................................. 59

46 Balance diode current, balance winding voltage and input voltage corresponding to the
m agn etic share sch em e ............................................................................................................ 6 1

47 ISOP configuration with three converters for interleaving analysis .................................. 63

48 Input capacitor current and ripple voltage across input inductor for a forward converter ....... 64

49 Ripple voltage across the equivalent, single input inductor for in-phase case
w ith n = 5 and D = 0.25 .................................................................................................. 67

50 Input ripple current the in-phase case with n = 5 and D = 0.25 ........................................... 67

51 Ripple voltage across equivalent single inductor for the interleaved case
w ith n = 5 and D = 0.25 .................................................................................................. 68



52 Input ripple current for the interleaved case with n = 5 and D = 0.25 ................................ 68

53 Normalized input ripple current versus duty ratio for different number of interleaved
converters for the ISO P configuration ................................................................................ 71



LIST OF TABLES

I Suitability of common duty ratio scheme for the four input-output combinations ............. 31

2 Converter voltage sharing at a load of 8 A (democratic share scheme) .............................. 52

3 Converter load current sharing at total input voltage of 200V (democratic share scheme) ..... 52

4 Converter voltage sharing at a load of 8 A (automatic master slave scheme) .................... 58

5 Converter load sharing at total input voltage of 200V (automatic master slave scheme) ........ 58

7



1. INTRODUCTION

A fully modular power system architecture is envisioned for dc-dc power conversion. In such an

architecture, low-power, low-voltage (input and output) building block dc-dc converters can be

connected in any combination, series or parallel, both at the output as well as at the input sides,

to realize any input-output specifications. Fig. 1 illustrates an example of a 5 kW power supply

system operating from a 1000 V dc source and delivering a well regulated output voltage of 50 V

at a maximum load current of 100 A. This system is implemented using a total of twenty 250 W

power supplies, each with an input voltage rating of 100 V, and providing a regulated 25 V

output at a maximum current of 10A. (Though not shown in the figure, required level of

redundancy may also be included).

+ v -10A + o
: + +I

1000 V •_5

500

V in9 10o 5 0

10A

10 V 25 V

Fig. 1. Example of a fully modular power system architecture for dc-dc conversion
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The main advantages of the modular approach include:

" Significant improvement in reliability by introducing desired level of redundancy [1-5]

" Standardization of components leading to reduction in manufacturing cost and time

" Power systems can be easily reconfigured to support varying input-output specifications

" Possibly higher efficiency and power density of the overall system, especially with

interleaving.

Fig. 2 shows the four possible combinations of input-output connections. Among these

combinations, the input-parallel and output-series (IPOS) connection is well known and is

presently used in many applications requiring high output voltages. Standard dc-dc converters,

with independent output voltage controllers, can be connected in series at the output achieving

equal sharing of output voltage and input current. However, in order to obtain the advantages of

modularity such as redundancy, a common output voltage loop or an output-voltage share bus is

required. A scheme based on common output voltage loop and individual inner current loops is

discussed in [5].

+ + +i .. V
Vi 11i + jVm! ~VII 0

(a) IPOS (c) ISOP

v Vj L I Vo± + 0M Vol++

VM2 V62Vin IVI

(b) IPOP (d) ISOS

Fig. 2. Four possible combinations of input-output connections.
(a) input parallel and output series, (b) input parallel and output parallel, (c) input series and output series

and (d) input series and output series

The input-parallel and output-parallel ([POP) connection has been the subject of vigorous

research recently, fueled by the requirement of low voltage and very high current outputs. The
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challenge here is to ensure equal sharing of load current (hence, input currents also) among the

modular converters, in spite of small differences in the power stage and control parameters of the

different converters, and finite differences in the impedances of interconnections. Several

control schemes, such as many droop schemes [6], [7], [8], master-slave scheme [9], [10],

democratic current share scheme [1 1]-[13], and frequency based current share scheme [4], have

been proposed to ensure active load current sharing among the parallel converters. Paralleling

techniques that do not require direct interconnection of control circuits of the various modules

have also been investigated [14]. An excellent review and comparison of different methods for

IPOP connection are given in [15].

1.1 Advantages of input-series connections

The ability to connect converters in parallel or series only at the output does not result in

complete modularity. Given the wide variety of input sources possible, such as rectified utility

voltage, batteries and fuel cells, the input voltage to a system can also vary widely for different

applications. Hence, it is essential to develop converters that can be connected in series at the

input (Figs. 2c and 2d) also, with dynamic input-voltage sharing capability.

Apart from considerations of modularity, the input-series connection has many other

advantages such as:

" Enables use of MOSFETs with low voltage rating, which are optimized for very low RDs ON,

leading to higher efficiency. At higher voltages, the RDs ON of a MOSFET depends mainly

on the drift region resistance, which is roughly proportional to BVs, where BV , is the

break down voltage of the MOSFET [16]. Hence, 'N 'MOSFETs each with a voltage rating

of BVDss , have a combined RDs ON which is significantly lower than the RDS ON of a singleN

MOSFET with a voltage rating of BVDss.

"* MOSFETs can be used instead of IGBTs for high input-voltage applications. Hence,

switching frequency, and therefore, power density of such systems can be increased.
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" Input-series and output-parallel connection leads to smaller conversion ratios for the

individual converters, especially for the popular low output voltage applications. This leads

to more efficient power conversion [5].

"* Possibility of interleaving to reduce filter ratings and improve transient performance (similar

to input-parallel converters)

A main trend in switch mode power supplies is the requirement of very low output

voltages with very high currents. With the proposed ISOP connection for such applications, the

conversion ratio for each converter, and therefore, the turns-ratio of the power transformer, is

much smaller. This can result in smaller leakage inductances and other parasitic components,

thus improving efficiency. However, in spite of several advantages of input-series connection,

not much research has been reported on this configuration. In [17], input-series and output-

parallel (ISOP) connection has been implemented for a two-converter system, using a charge

control scheme with input voltage feed forward. In an earlier ONR supported research, the

authors have developed three different control schemes for the ISOP configuration [18-20].

Direct series connection of devices such as MOSFETs and IGBTs for high input voltage

applications has also been investigated [21]. However, the advantages of modularity such as

scaling and reconfiguration, as well as interleaving to reduce filter requirement, are easily

achieved in series connected converter modules, than in series power devices.

1.2 Prior work on input-series and output-parallel (ISOP) systems

Prior ONR sponsored research work has established the feasibility of the basic ISOP

configuration, even with finite differences in various converter parameters. The feasibility of

the ISOP connection can be verified by considering power balance in individual converters,

under steady state. Fig. 3 shows a numerical example of how input voltage as well as output

current can be shared equally, in the presence of parameter mismatches such as different turns-

ratios for the power transformers. Under steady state, the input currents of the two converters are

equal due to the series connection. If the input voltages are also maintained equal by control,

then the input powers of the two converters are equal. Therefore, by power balance (neglecting

losses), the output powers of the two converters are equal. Since, the parallel connection at the

output ensures that the output voltages are equal, the output currents are also automatically made
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equal. If the parameters of the two converters are identical, the duty ratios will be equal; for any

mismatch in the parameters such as turns-ratio of the transformer, the duty ratios will differ to

correct for the mismatch, as illustrated in Fig. 3. It should be noted, however, that the above

discussion assumes that the converters operate stably in steady state. The necessary condition

for stable operation is discussed in the following sections.

2A 2A D=0.5 4

+ 8SA

200V -
+ DI C5V+-

40vv Lo

Fig. 3. Feasibility of input voltage and output current sharing with mismatch in transformer turns-ratio.

1.2.1 Need for input voltage controller

It is easy to appreciate that standard converters without any special input voltage or load

current sharing controllers, when connected in ISOP combination, will not result in stable

operation. This is similar to the case of the widely used IPOP connection, where, in the absence

of a load current sharing controller, even a small mismatch in parameters can lead to wide

variations in the individual output currents of the converters.

For the ISOP connection, it is important to note that even with load current sharing

controllers, similar to those used in IPOP connection, stable operation is not achieved. For

example, consider again the ISOP connection shown in Fig. 3, and assume that the system has an

output current sharing controller. If the input voltage of converter 1, for example, increases

slightly due to a disturbance, the output current sharing controller reduces the duty ratio of this

converter, in order to maintain its current equal to that of the converter 2. This reduces the

average input current drawn by converter 1, leading to further increase in its input voltage. This

process leads to a runaway condition, resulting in large voltage stress across converter 1,

eventually destroying it.
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Fig. 4 shows the simulated waveforms corresponding to an ISOP connection with a load-

current-share mechanism, but without an input-voltage controller. The two series connected

converters use current mode control, with a common output voltage loop providing the current

reference to both converters. As seen in Fig. 4, in spite of the common current reference, the

input voltages diverge. Hence, a dedicated input voltage control loop, which adjusts the duty

ratios of the individual converters depending on the error in input voltage sharing, is required. It

may be noted that input voltage sharing automatically ensures output load current sharing,

without the need for a dedicated load current share controller.

V. iL

(V) (A)

150 6

1001 5

011 3 _ _

0 2 4 6 8 10
Time (ms)

Fig. 4. Divergence of input voltages in ISOP system with current mode control and

without input voltage control.

Two different control schemes which ensure sharing of input voltage and load current

have been developed in the prior work as briefly explained below.

1.2.2 Three loop, dynamic input voltage reference control scheme for ISOP configuration

Fig. 5 shows the three-loop, dynamic input voltage reference scheme for ISOP

connection of N forward converters (the reset windings for the transformer are not shown, for

clarity). As seen, the scheme consists of three control loops to ensure equal input voltage and

load current sharing. A single output voltage loop, which is common to all the converters,

provides the initial current reference, i' to all the individual, inner current loops. The

compensator for the output voltage loop is denoted as G,,. Each converter also has an individual

input voltage loop, which adjusts the above current reference to its inner current loop, based on

the error between the reference input voltage and the actual input voltage of the particular
13



converter. The inner current loop can be of either peak current mode or average current mode

with a compensator G1. as shown in Fig. 5. The inner current loop controls the duty ratio of the

converter such that the output inductor current equals the adjusted current reference, referred to

as iref

t +l i + I V '
, iG,

.. •I

"Vin rrf ref

S, +

F . r o o shm wt da irec o IS

n 2 o N1

]2in ref l re 2

+o
v , •-•_LAm2r

npu volag reeec2omnouptvlaelo

Fig. . Thre-loo conrol sheme ith ynami inpu volagerfrnefrIO oncin
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The input voltage reference is chosen to be the average of all the converter input voltages,

as given in (1). Note that the converter input voltage is defined as the voltage across the input

capacitor of the corresponding converter. It takes into account the resonance due to the input LC

filter. In particular, the sum of the converter input voltages (capacitor voltages) is not

dynamically equal to the total system input voltage, vito,al'

N>1-? vin

_rj=N (1)

Other possible references for the input voltage loop are v'°'t' and a constant reference. The

N

main advantages of the dynamic input voltage reference are that it minimizes the interaction

among the different control loops and results in better transient performance. The three loop

scheme has been validated on a two-converter experimental prototype [183.

1.2.3 Common duty ratio scheme for ISOP configuration

The common duty ratio scheme is a very simple control method for the ISOP connection,

which does not require input-voltage or load-current share loop, but still ensures equal sharing of

input voltage and load current. It relies on the inherent, self-correcting mechanism of input-

series and output- parallel connection when the duty ratio of all the converters is made common.

This scheme does not result in perfectly equal sharing [18, 20]. The sharing is different to the

extent that the turns-ratios of the power transformers and other parameters in the individual

converters are different. However, with modem transformer manufacturing techniques such as

planar transformers with precise printed circuit board windings, the mismatch in turns-ratios, and

hence, mismatch in input-voltage and load-current sharing can be made negligible. The main

advantage of the proposed scheme is that neither input voltage nor output current (if current

mode control is not used) needs to be sensed, leading to extremely simple implementation of a

fully modular architecture.

The schematic of the proposed common duty ratio scheme for the ISOP configuration

consisting of 'N' forward converters is shown in Fig. 6. In this implementation, the converter N

is the 'master' converter and all the other converters are 'slave' converters. A single output

15



voltage loop generates the current reference for the inner current loop of the master converter N.

A peak or average mode current controller in the 'master' converter generates suitable duty

ratio, d, such that its output inductor current, iLN, equals the above current reference. This duty

ratio, d, is made common to all the other converters too. If interleaving of the converters is not

required, then the actual gate switching signal (with suitable isolation) itself can be made

common to all the converters. If interleaving is desired, then the duty ratio signal can be shared,

which will then be compared with suitably phase-shifted ramp signals in the individual

converters to generate the individual gate drive.

-----------------------------------

Li 1 1L

+ CCo
Cin I

-•:nj

- --

Iion w onverter w h e tu+/•-- I 1+

•i , loti :n2 6

- - - -
0I

'1I16

0

Sii, Covee N io nII

Lin n 0LonVn+ F 2 S oT
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Fig. 6. Common duty ratio control scheme for ISOP connection.

In the ISOP connection with common duty ratio control, the converter with higher turns-

ratio and hence higher average rectified voltage tends to produce a higher output inductor
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